Background. Elevated serum interleukin 7 (IL-7) levels are observed in lymphopenic conditions, including idiopathic CD4 lymphopenia (ICL), which is characterized by CD4 lymphopenia in the absence of human immunodeficiency virus infection or other known immunodeficiency.
Idiopathic CD4 lymphopenia (ICL) is a rare heterogeneous disorder of unknown etiology, defined by a total CD4 T-lymphocyte count of ,300 cells/lL or ,20% of total lymphocytes in the absence of human immunodeficiency virus (HIV) infection or other known cause of immunodeficiency. The clinical characteristics of ICL include susceptibility to opportunistic diseases and occasionally autoimmune disorders with an overall stable trajectory of CD4 T-cell counts over at least a period of 4-5 years [1] .
Interleukin 7 (IL-7) is a homeostatic cytokine produced by bone marrow stromal and epithelial cells that is required for T-cell development and homeostasis [2] . IL-7 modulates development and selection of T cells in the thymus by enhancing survival of early thymocytes and expansion of T-cell precursors [3, 4] . IL-7 is also important in T-cell postthymic homeostatic proliferation and memory differentiation [5] and inhibits apoptosis via upregulation of BCL2 and MCL1. Further studies have demonstrated that the destabilization of p27 Kip1 (CDKN1B) by IL-7 promotes T-cell proliferation [6] . IL-7 levels increase with T-cell depletion, possibly because of decreased use and receptor-mediated clearance [7] and high levels of IL-7 are thought to drive lymphopenia-induced T-cell proliferation [8, 9] . Despite high levels of IL-7 during lymphopenia, excess IL-7 can actually enhance lymphopenia-induced proliferation [10] . IL-7 has also recently been shown to promote T-cell proliferation and inhibit apoptosis in sepsis-induced immunosuppression [11] .
The IL-7 receptor is a heterodimer composed of the IL7-Ra chain (CD127) and the common c chain (cc, or CD132). IL-7Ra is expressed at higher levels on naive T cells, compared with memory T cells. On engagement of IL-7, the IL-7Ra receptor signals via JAK-STAT phosphorylation, permitting evaluation of IL-7 signaling by measurement of intracellular phosphorylated STAT-5 [12, 13] . The IL-7 receptor is endocytosed rapidly on IL-7 engagement, resulting in lower expression of IL-7Ra at high levels of IL-7 [12, 14] .
Previous studies have shown an inverse relationship between CD4 T-cell counts and IL-7 levels in patients with lymphopenia due to HIV infection or chemotherapy [15, 16] . In ICL, the relationship between IL-7 levels and CD4 T-cell counts appears to be less consistent, with some patients exhibiting levels of IL-7 that are inappropriately low for the degree of CD4 T-cell depletion observed [17] . Increased turnover of T cells has been described in ICL [1, 18, 19] ; however, heightened CD4 T-cell cycling does not restore CD4 T-cell counts. Patients with ICL also remain lymphopenic despite elevated serum IL-7 levels. Preliminary studies in patients with HIV infection or cancer have shown that IL-7 administration can lead to significant T-cell expansion [20] [21] [22] , opening the possibility of use of IL-7 as a potential therapeutic modality in ICL. Therefore, we investigated the possibility of defective IL-7 signaling contributing to the pathogenesis of ICL. We evaluated the presence of anti-IL-7 antibodies, expression of IL-7 receptor (CD127), and signaling in response to IL-7 in patients with ICL and found that CD127 receptor expression on CD4 T cells is lower than expression on CD8 T cells in ICL and that both CD4 and CD8 T cells had decreased responsiveness to IL-7, as measured by STAT-5 phosphorylation. These findings were further confirmed by decreased upregulation of IL-7-induced genes in peripheral blood mononuclear cells (PBMCs) and blunted IL-7-induced BCL2 expression and cycling of T cells in vitro.
MATERIALS AND METHODS

Patients
Cryopreserved PBMCs from 21 patients with ICL and 17 healthy controls were analyzed. All study participants provided written informed consent, and the human experimentation guidelines of the US Department of Health and Human Services were followed in the conduct of this research. An additional 13 healthy controls without available demographic and lymphocyte count data were used in some experiments. The patients with ICL represent a subset of the originally described cohort by Zonios et al [1] and 2 newly recruited subjects on the basis of specimen availability. Study participants with ICL were not acutely ill at the time of blood collection. Seven patients had a history of severe persistent warts from human papillomavirus infection, 5 had cryptococcal disease, 2 had disseminated Mycobacterium avium complex infection, 2 had esophageal candidiasis, 1 had disseminated histoplasmosis, 1 had Mycobacterium chelonae infection, and 6 had no evidence or previous history of infection. CD4 T-cell counts were measured in a Clinical Laboratory Improvement Amendments-approved laboratory.
Measurement of Serum IL-7 Levels, Anti-IL-7 Antibodies, and Soluble CD127 (sCD127) Serum IL-7 levels were measured in a subset of 11 patients with ICL by enzyme-linked immunosorbant assay (R&D Biosciences; lower limit of detection, 2 pg/mL) performed according to the manufacturer's instructions. Anti-IL-7 antibody detection was performed on plasma samples from all patients with ICL. Antibody concentrations were measured using an enzyme-linked immunosorbant assay (MSD MultiArray; lower limit of detection, 3 ng/mL). The sCD127 plasma concentrations were measured in a subset of 19 participants, using Meso Scale Discovery (MSD) technology as previously described [23] . MSD technology is based on the electrochemiluminescence detection principle and uses streptavidin-coated microplates with electrodes integrated into the bottom of the plate. The limit of detection was 0.23 pg/mL.
Lymphocyte Immunophenotyping
Immunophenotyping by flow cytometry was conducted on cryopreserved PBMCs from study participants. The fluorochromeconjugated antibodies used were anti-CD3 Alexa-700 (clone SP34-2; BD-Pharmingen), anti-CD3 APC-Cy7 (clone Sk7; BD-Pharmingen), anti-CD3 Pacific Blue (clone UCHT1; BDPharmingen), anti-CD3 PerCP (clone SK7; BD-Pharmingen), anti-CD4 Cy5.5PE (clone OKT4; Invitrogen), anti-CD4 Pacific Blue (clone RPA-T4; BD-Pharmingen), anti-CD4 PerCP-Cy5.5 (clone SK3; BD-Pharmingen), anti-CD8 Pacific Blue (clone RPA-T8; BD-Pharmingen), anti-CD8 QDot 655 (clone 3B5; Invitrogen), anti-CD27 FITC (clone L128; BDPharmingen), anti-CD27 PC5 (clone 1A4CD27; Beckman Coulter), anti-BCL-2 PE (clone BCL-2/100; BD-Pharmingen), anti-CD45RO ECD (clone UCHL1; Beckman Coulter), anti-CD45RO PE (clone UCHL1; BD-Pharmingen), anti-CD127 PE (clone R34.34; Beckman Coulter), anti-TCR cd FITC (clone B1; BD-Pharmingen), and anti-Ki67 FITC (clone B56; BD-Pharmingen). Stained samples were acquired using a FACSAria or LSR II flow cytometer with BD FACS DiVa software (BD Biosciences) and were analyzed using FlowJo software (version 8.8.6; Treestar).
Intracellular Phosphoprotein Analysis
Cryopreserved PBMCs were thawed, washed in media with Benzonase nuclease (1 lL/mL; Novagen), resuspended in Roswell Park Memorial Institute medium supplemented with 10% heat-inactivated human serum AB (Gemini Biotech), and incubated for 8-10 hours. Cells were then stimulated for 30 minutes with IL-7 (100 ng/mL and 1 lg/mL; R&D Biosciences) or interleukin 2 (IL-2; 500 international units (IU)/mL as a positive control; Peprotech) or interleukin 15 (IL-15) at 100 ng/mL (Peprotech) for a subset of experiments. Cells were subsequently fixed, permeabilized, and stained intracellularly with anti-phosphorylated STAT-5 Alexa 647 (clone 47; BD-Pharmingen) and analyzed by flow cytometry (Supplemental Figure 1A) . Optimal concentrations of IL-7 were determined by performing a dose-response titration (Supplemental Figure 1B) .
IL-7 Stimulation Assays
Cryopreserved PBMCs from a subset of participants were thawed as above and stimulated with IL-7 (100 ng/mL) for 18 hours. An additional experiment was done with IL-7 stimulation for 6, 12, and 18 hours to assess the kinetics of gene induction. Aliquots were washed with phosphatebuffered saline and centrifuged at 20 000 g for 5 minutes to create dry cell pellets after supernatant aspiration for RNA isolation and polymerase chain reaction (PCR). For analysis of BCL2 expression and cycling by intracellular Ki67, PBMCs were stimulated with IL-7 (100 ng/mL) for 3 (BCL2) or 6 (Ki67) days. Immunophenotypic analysis of CD4 and CD8 T lymphocytes was performed at baseline and 3 or 6 days after baseline to evaluate expression of BCL2 and Ki67.
RNA Isolation and Complementary DNA (cDNA) Synthesis
Total RNA was extracted from PBMC pellets, using the RNeasy kit (Qiagen) according to the manufacturer's protocol. Total RNA was quantified using a NanoDrop spectrophotometer (Thermo Scientific). cDNA was synthesized with random hexamers from the total RNA, using the Superscript First-Strand Synthesis System for real-time PCR (Invitrogen) according to the manufacturer's protocol.
Real-Time PCR
Real-time PCR reactions were performed on the 7900HT Fast Real-Time PCR System (Applied Biosystems). PCR was performed in a final volume of 25 lL including 11.25 lL of cDNA, 12.50 lL of TaqMan Universal PCR master Mix (Applied Biosystems), and 1.25 lL of PCR primers/probes from TaqMan Gene Expression Assays (Applied Biosystems). Real-time PCR cycling conditions consisted of initial incubations of 50°C for 2 minutes and 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Reactions were replicated twice per experiment to verify results. The primer/probe sets used were Beta-Actin (ACTB) gene (Hs99999903_m1), B-cell lymphoma 2 (BCL2) gene (Hs00153350_m1), Cyclin D2 (CCND2) gene (Hs00277041_m1), Cyclin D3 (CCDN3) gene (Hs00426901_m1), Janus kinase 1 (JAK1) gene (Hs01026983_m1), Janus kinase 3 (JAK3) gene (Hs00169663_m1), p27
Kip1 (CDKN1B) gene (Hs00153277_m1), signal transducer and activator of transcription 5A (STAT5A) gene (Hs00559643_m1), and signal transducer and activator of transcription 5B (STAT5B) gene (Hs00560035_m1) from TaqMan Gene Expression Assays (Applied Biosystems). b-actin was used for normalization.
Statistical Analysis
Median values were compared by nonparametric methods (Mann-Whitney U test), using SAS (version 9.2; SAS Institute) and Prism software (version 5.0a; GraphPad). Associations were assessed by Spearman correlation. Because of the exploratory nature of the study, there was no correction for multiple comparisons, and calculated P values are reported on the basis of the Mann-Whitney U test.
RESULTS
Study Participants
The characteristics of study participants are shown in Table 1 . CD4 T-cell counts were significantly lower in patients with ICL, compared with controls (160 vs 582 cells/lL [P , .001]; Table 1 ). CD8 T-cell counts did not differ significantly between the 2 groups (284 vs 397 cells/lL [P 5 .411]; Table 1 ). The median serum IL-7 level measured in a subset of 11 patients with ICL was 19.9 pg/mL, which is higher than historical values previously reported in healthy adults [7, [24] [25] [26] . None of the 21 plasma samples from patients with ICL were found to have detectable anti-IL-7 antibodies.
T-Cell Immunophenotyping
Patients with ICL had a decreased proportion of naive (CD45RO-CD271) CD4 T cells, compared with controls (10.6% vs 40.7% [P , .001]; Figure 1A ). Naive CD8 T-cell populations did not differ significantly between the 2 groups (31.6% vs 43.2% [P 5 .254]; Figure 1A) . A significantly lower proportion of CD4 T cells expressed the IL-7R a-chain (CD127) in patients with ICL, compared with controls (76.8% vs 86.1% [P , .001]; Figure 1B ). IL-7 receptor expression on CD8 T cells did not differ significantly between patients with ICL and controls (66.9% vs 68.4% [P 5 .428]; Figure 1B ). The patients with ICL had significantly higher frequencies of T cells that expressed cdTCR (6.11% vs 1.98% [P , .001]; Figure 1C ), but the absolute counts did not differ between the 2 groups (33 vs 19 cells/lL; P 5 .071). The frequency of cd T cells did not correlate with total CD4 or CD8 T-cell counts (data not shown) but correlated with the serum level of IL-7 in a subset of patients with ICL (r 5 0.934; P 5 .002; Figure 1D Figure 1C) . No difference was observed in soluble (non-membrane bound) CD127 between patient and control groups (86.2 vs 71.2 pg/mL; P 5 .454). In central and effector memory subsets of CD4 T cells but not CD8 T cells, STAT-5 phosphorylation in response to IL-7 was significantly decreased in patients with ICL, compared with healthy controls (P 5 .018 and P 5 .017, respectively; Figure 3 and Supplemental Figure 1D ). STAT-5 phosphorylation did not correlate with total CD4 T-cell or CD8 T-cell counts, IL-7Ra expression, or percentage of naive T cells. In a subset of 11 patients with ICL in whom serum levels of IL-7 were measured, IL-7 levels inversely correlated significantly with IL-7 signaling in CD4 T cells (r 5 20.734; P 5 .013; Figure 2C ). The proportion of CD4 T cells or CD8 T cells expressing CD127 did not correlate with serum IL-7 levels (data not shown).
Analysis of Gene Expression After IL-7 Stimulation
To further study the potential effects of decreased STAT-5 phosphorylation on the downstream events after IL-7 signaling, analysis of genes that are affected by IL-7 was done by real-time PCR after stimulation of PBMCs with IL-7. Upregulation of expression of BCL2 in IL-7-stimulated PBMCs was decreased in patients with ICL, compared with healthy controls (0.25-fold vs 0.73-fold increases from baseline), but did not reach statistical significance (P 5 .421). Expression of cyclin D2 and D3 did not vary significantly between patients with ICL and healthy controls ( Figure 4A ). In contrast, the decrease in expression of p27 Kip1 in PBMCs from patients with ICL was significantly different from that for healthy controls (20.68-fold vs 21.41-fold decreases from baseline [P 5 .002]; Figure 4A ). A kinetic analysis showed that the difference was most evident at 18 hours of stimulation ( Figure 4B ). Furthermore, real-time quantitative PCR for measuring gene expression levels of JAK1, JAK3, STAT5A, and STAT5B showed no significant difference between cells from patients with ICL and cells from healthy control subjects.
Analysis of BCL2 Expression and Cycling of T Cells in Response to IL-7
Expression of BCL2, an anti-apoptotic protein, was analyzed in CD4 T cells and CD8 T cells after 3 days of IL-7 stimulation by flow cytometry. In comparing unstimulated cells to cells stimulated with IL-7, expression of BCL2 in both CD4 T cells and CD8 T cells did not differ significantly between the ICL and control groups (P 5 .383 for CD4 T cells, and P 5 .260 for CD8 T cells; Figure 5A ). Ki67 expression in CD4 T cells and CD8 T cells was analyzed by flow cytometry after stimulation with IL-7 for 6 days. Figure 5B ).
DISCUSSION
In this study, CD4 and CD8 T cells from patients with ICL, compared with those from controls, showed decreased STAT-5 phosphorylation in response to IL-7 that did not correlate with CD127 expression on T cells but correlated inversely in CD4 T cells with serum IL-7 levels. This decreased responsiveness was observed in total CD4 T cells, as well as within both central and effector memory subsets. Decreased IL-7 responsiveness was further supported by evidence of diminished gene upregulation and cycling of T cells after IL-7 stimulation. These data suggest a possible role of defective IL-7 signaling in the perturbation of T-cell homeostasis during ICL. In our analysis, patients with ICL showed decreased responsiveness to IL-7, compared with control subjects, in the presence of elevated serum IL-7 levels. This phenomenon may be partially related to decreased IL-7Ra expression in CD4 T cells during ICL, observed in this and prior studies [1, 15] . As previously observed [1] , the present study confirmed that patients with ICL have a lower percentage of naive CD4 T cells, which express CD127 constitutively and could account for these differences. However, receptor expression and STAT-5 phosphorylation did not correlate in either CD4 T cells or CD8 T cells, although diminished responsiveness was observed predominantly in central and effector memory CD4 T cells. Because of limited sample availability, serum IL-7 analysis was only conducted in a subset of patients with ICL. In each of the patients with ICL we analyzed, serum IL-7 levels were markedly higher than reported levels in healthy adults, indicating that, at least among these patients, the defect did not seem to be limited IL-7 production or availability. The possibilities of anti-IL-7 antibodies or increased levels of sCD127 that could interfere by IL-7 binding were also excluded in our cohort. Alternatively, decreased IL-7 responsiveness ex vivo may be due to tachyphylaxis from exposure to high levels of IL-7 in vivo, which could also explain why both CD4 T cells and CD8 T cells are affected. Supporting this, serum levels of IL-7 correlated negatively with IL-7 responsiveness in CD4 T cells during ICL, although this correlation was not observed in CD8 T cells. This could be related to the overall lower levels of CD127 expression in CD8 T cells or to the small sample size. Previous studies have also found that, while IL-7 is essential for homeostatic proliferation of CD4 T cells, memory CD8 T cells also rely on IL-15 [27, 28] , although this relationship could be altered in the presence of high IL-7 levels [29] . In addition, cytokine-mediated suppression of IL-7Ra transcription involves different molecular mechanisms in CD4 T cells and CD8 T cells [14] , as does stimulation via T-cell receptor versus IL-7 [30] .
To evaluate whether decreased responsiveness to IL-7 was due to decreased IL-7R expression, cells were also stimulated with IL-2, a cc chain cytokine that, like IL-7, signals via STAT-5 phosphorylation. CD4 T cells from patients with ICL showed only minimally decreased responsiveness to IL-2, indicating that although an overall defect in cc cytokine signaling may be contributing to decreased IL-7 responsiveness of CD4 T cells in ICL, the primary defect appears to lie in the IL-7 pathway itself, as this was not observed in CD8 T cells and responses to IL-15 appeared intact in a subset of our cohort.
The presence of increased proportions but not total counts of cd T cells during ICL may simply be a function of depletion of CD4 T cells (which are ab). However, elevated serum IL-7 levels may underlie expansion of cd T cells, as previous studies have shown that IL-7 prevents T-cell precursors from differentiating into ab T cells [31, 32] . Indeed, IL-7 levels were found to correlate strongly with the frequency of cd T cells. Moreover, mice deficient in ab T cells show increased homeostatic proliferation of cd T cells, a process that was enhanced by both IL-15 and IL-7 [33] , while IL-7 knockout mice do not make cd T cells [34] . As many cd T cells normally reside in the lymphoid tissue of the gastrointestinal tract, the increased frequencies we observed may also be a reflection of differential trafficking of these cells from gut mucosal tissue through peripheral blood. Lymph node, gut, and other tissue biopsy specimens from patients with ICL could clarify the question of possible CD4 T-cell redistribution in individuals with ICL.
A recent study of IL-7 signaling during HIV infection found that decreased IL-7 signaling correlated with total T-cell count, indicating the degree of IL-7 responsiveness may serve as a marker of the ability of lymphopenic patients to reconstitute T-cell counts [35] . Whether the lymphopenia in ICL is secondary to decreased production, increased death, or redistribution of CD4 T cells remains unclear. Our data support that the defective IL-7 responsiveness may be contributing to both increased death of T cells, which has been previously described [19] , and inadequate cycling. Gene expression in PBMCs from patients with ICL, compared with those from healthy controls, showed overall lower increases in BCL2 induction after stimulation with IL-7, indicating that IL-7 may have less of an antiapoptotic effect during ICL. More importantly, there was clear evidence of decreased downregulation of p27 kip1 in PBMCs from patients with ICL, a cyclin-dependent kinase inhibitor whose destabilization is the main mechanism of cycle progression after IL-7 stimulation. It thus appears that the T cells in patients with ICL may be unable to optimally respond to IL-7, despite the observed high serum levels. Previous studies have shown increased turnover of CD4 T cells during ICL [1, 18, 36] . A recent primate study showed that IL-7 induced T-cell redistribution from peripheral blood to secondary lymphoid organs, resulting in a transient drop in peripheral CD4 T cell numbers [37] . This initial drop in CD4 T-cell count was also observed when IL-7 was administered to patients with HIV infection [20, 21] . In all studies, however, exogenous IL-7 resulted in a significant increase in peripheral T-cell counts in humans with lymphopenic conditions (HIV infection and cancer) without significant toxicity [20] [21] [22] , even though IL-7 signaling during HIV infection is defective [35] . Further, the resulting T-cell expansions occurred primarily in the naive subset [22] , which is disproportionately depleted in ICL, and included significant expansion of CD8 T cells [20] [21] [22] , which may be beneficial given the association of very low CD8 T-cell counts with poor prognosis in ICL [1] .
In conclusion, in this study we demonstrated that T cells from patients with ICL display blunted in vitro responses to IL-7, which may reflect in vivo phenomena. Defective IL-7 signaling could, therefore, be important in the pathogenesis and persistence of lymphopenia in this setting and may have implications in the potential use of IL-7 as immunotherapy during ICL, which is currently being investigated in a phase I study (ClinicalTrials.gov identifier: NCT00839436). On the basis of these findings, IL-7 remains a potentially promising agent to study in patients with ICL, although ascertaining the appropriate dosing needed to obtain the desired effects of improved cycling and survival of T cells may be challenging.
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